I. INTRODUCTION
Today, there is a global agreement that greenhouse gases (GHGs) emissions have a negative impact on the environment [1] . GHGs consist mainly of water vapour, carbon dioxide, methane, nitrous oxide, ozone and CFCs. GHGs contribute to maintaining the Earth's temperature at comfortable levels for living organisms through the greenhouse effect. A drastic decrease in GHGs would result in a decrease of the Earth's temperature. The planet could get so cold as to be uninhabitable. Conversely, an excess of GHGs could raise the temperature of the planet to lethal levels for most life forms including humans.
GHGs levels have been rising ever since the industrial revolution of the 19 th century due mainly to human activities. As part of a global effort to reduce GHGs emissions, the Kyoto Protocol was negotiated in December 1997 by countries all over the world as part of the United Nations Framework Convention on Climate Change and as of May 2008, 181 countries had ratified, adhered, approved or accepted the protocol 1 . The Protocol includes three flexibility mechanisms. First, the clean development mechanism (CDM) allows developed countries to gain emissions credits for financing environmental projects in developing countries. Second, countries can also earn emissions credits through joint implementation (JI), which allows a country to benefit by carrying out reforestation project in another industrialized country or "economy in transition". Carbon trading is the third mechanism. Known as emissions trading (ET) in the accord, it allows companies to buy emissions credits from those who pollute less in order to stay below their emissions limit or cap witch usually imposed by a central authority (government or international body).
The trading of emissions under a "cap-and-trade" system places supply chains mangers in a different situation compared with the traditional control approach. First, corporations must consider the available alternatives (options) that might allow them to meet the cap. Second, they must compare the cost of adopting some of these options with the current trading price of the emissions in question. These assessments are pursued in competition with other supply chains. The trading system pushes all participants to compete in order to meet the "reduction target" at the minimum cost. At this level, the theory of a "cap-and-trade" emissions reduction system is extremely simple: it is a choice between "make or buy", either they make the reduction or they buy credits from someone who has done more than required by the cap. In practice, the implementation of such an approach by supply chain managers is more complex because of the many options available at all stages of the supply chain (sourcing, subcontracting, manufacturing, transportation, recycling, remanufacturing, and reverse logistics) [2] .
In this article, we propose a novel approach for Green Supply Chain Management (GSCM) by tying GHGs emissions to carbon trading based on what we call a "Carbon Market Sensitive -Green Supply Chain Network Design" (CMS/GSCND). The proposed methodology is based on an integrated logistics mathematical model for green supply chain network design with GHGs emissions considerations. The environmental impact is measured through the weight in tons of carbon dioxide equivalent (tCO 2 e) of emissions caused by supply chain activities, and converted to carbon credits via the price of tCO 2 e in carbon market places. The model help supply chain mangers to decide on the best strategy to implement in order to meet the "cap".
II. LITERATURE REVIEW
Supply Chain Management can be defined as the set of approaches utilized to efficiently integrate suppliers, manufacturers, warehouses and stores, so that merchandise is produced and distributed at the right quantities, to the right locations, and at the right time, in order to minimize system-wide costs while satisfying service level requirements. Lately, reverse logistics activities (reuse, disposal, remanufacture, recycle, etc.) have been also included. The concept of GSCM is the integration of supply chain partners with aim to find the Supply chain network design techniques have been widely studied and used in the last two decades as means to reduce operation costs, improve customer service and maximize shareholder' value. This has lead to different strategies such as warehouse consolidation, lean and agile supply chains strategies, just in time supply chains, offshore manufacturing, and low cost country sourcing. But today, in response to stricter environmental regulations, there is a need to develop guidelines and standards to assist supply chain managers to consider the impact of their decisions on the environment. There is growing literature on the various aspects of GSCM [2] : green design [3] , inventory management, production planning and control for remanufacturing [4] , green manufacturing, product recovery [5] , reverse logistics [6] , waste management [7] , and energy use [8] . It is not surprising to see that mathematical modeling based methodologies are the most common approaches used to tackle GSCM problems. These models can be embedded as decision support systems (DSS). DSS proved their efficiency to manage traditional supply chain networks as illustrated by companies such as "i2" recently acquired by "JDA software" and "SAP AG". We believe that GSCM initiatives will gain in richness and mind share if they leverage the opportunities offered by carbon trading markets for those companies pursuing a green strategy or having to regulate their GHGs emissions. This will help supply chain managers to evaluate the impact of green initiatives on planning supply chain activities, and achieve the mandatory targets under government regulations.
III. MODEL FORMULATION

A. Model description
The proposed mathematical model focuses on studying the impact of transportation and subcontracting / production activities within a CMS/GSCND strategy. The supply chain structure considered is presented in Fig. 1 . The model evaluates the total quantity of GHGs emissions, in term of tCO 2 e, and determines the equivalent carbon credits (or allowances) generated for different configurations of the supply chain. Indeed, companies below their cap (i.e. their GHGs emissions are 2 http://carbonfinance.org/ less than a certain quota fixed by government regulations) would earn credits, while those exceeding their cap (GHGs emissions are greater than quotas) would need to purchase credits to make up the shortfall. The 4-step methodology is generic enough to be applied to any manufacturing context:
Step 1: Assessment of total logistics costs and GHGs emissions for the actual supply chain that serves as a base line for future improvement.
Step 2: Optimize the supply chain with the proposed model. Different analysis can be performed in order to study different strategies that are in line with the corporate sustainability objectives.
Step 3: Decide on the strategy to implement.
Step 4: Evaluate and monitor the new supply chain for continuous improvement. Fundamental to the model is the use of mixed integer linear programming (MILP) technique to capture the interaction between the supply chain structure and its environmental impact.
B. Sets and Indices
In this study, the following sets and indices are used: The start-up cost associated with the assignment of product p M R ∈ ∪ to site
Cost of a single shipment between nodes i V S ∈ ∪ and j S D ∈ ∪ using transportation mode k K
∈ φ
Price per tCO 2 e
The following data are also needed: 
C. Decision variables
To find the optimal configuration of the network, the following decision variables are required: 
C. Optimization model
The total logistics cost (F 1 ) of the supply chain includes fixed and variable costs.
• Fixed costs for facilities (a);
• Assignment of raw materials to suppliers and manufactured products to subcontractors (b).
• Supply of raw materials and production of manufactured products (c); ).
The objective functions to be minimized are given by: 
An alternative objective (F 2 ) that can be considered is to minimize the total emissions quantity of GHGs (tCO 2 e)
Min ( , )
For the supply chain network design model, there are many constraints to be considered. Limit on the number of operational sites: )
Capacity constraints:
Processing time used must not exceed the available time:
There is usually a minimum amount of the aggregate capacity of a subcontractor that should be consumed to justify the establishment of a contract:
The constraints of flow out of subcontractors'/ suppliers' nodes are given by the inequalities below:
For each product, the quantity that arrives to a node must equal the quantity needed:
A site is operational if it is open for one product at least: 0 ( , )
The first set of constraints (11) expresses the volume capacity and the second set (12) expresses the weight capacity:
The number of shipments between two nodes for a transportation mode is not nil only if the transportation mode is actually used: 0 M is a big number
A transportation mode is used between two nodes only if the number of shipments is not nil:
The number of shipments between two nodes using a transportation mode is nil if there is no flow of products:
The transport variables are non negative:
The number of shipments must be integer:
IV. EXPERIMENTATION AND ANALYSIS
Consider the case of a steel product manufacturer with high level of GHGs emissions. Three freight transportation modes are considered: rail, air, and road. The product has a multi-level BOM with two semi finished products that are manufactured from four parts sourced from various external suppliers. At least two suppliers are competing to supply each part. In this example, GHG is limited to CO 2 emissions due to production and transportation activities. Emissions factors for the three transportation modes are detailed in Table I . The Emissions factors ( k α ) considered in this example are based on the recent study published by Facanha and Horvath [10] . The manufactured products are primarily composed of steel materials and the emission factor ( To observe the sensitivity of the total logistics cost, constraint 22 is added to the model and solved for different values of upper bound on CO 2 emissions. Fig. 3 shows that the total logistics cost decreases with each increase in the upper bound of CO 2 emissions as the model seeks less costly solution alternatives which have higher emission rates. It stabilizes after a while. In our case, an increase in the total number of shipments together with the selection of cheaper but more distant sources were observed as GHGs limits were relaxed. From a managerial perspective, this means that shipment consolidation (Fig. 4) can be considered as an opportunity to reduce the carbon footprint. Also, supplier distance can impact cost and carbon emissions. The organization should revise its procurement and subcontracting strategies in order to address the environmental dimension. In addition to minimizing distance, the use of low-carbon transportation options is another alternative to reduce carbon emissions. Fig. 3 also shows that the total logistics cost (F 1 ) and carbon emissions (F 2 ) are two conflicting objectives. Thus, the application of a multi-objective optimization procedure could help to determine the best trade-offs. To this effect, Goal programming (GP), a very well known multi-objective optimization method was tried. Table II summarizes the various solutions. Carbon emissions for the "efficient scenario" is 21 012 tCO 2 e for an operational cost of $763 364 (F * 1 ). The minimum attainable level of emissions for the green scenario (F * 2 ) is 19 383 tCO 2 e for an operational cost of $962 626. The GP solution has an emission quantity of 19 718 tCO 2 e for an operational cost of $764 421. The operational cost for the GP solution is only 4% greater than the efficient scenario and 2% greater than the green scenario in terms of emission quantity (compared to 31% increase in operational cost for the green scenario and 8% increase in carbon emissions for the efficient scenario). This example clearly demonstrates that by using a multiobjective approach, it is possible to achieve a good tradeoffs between cost and carbon footprint while maintaining operational costs under control.
V. CONCLUSION
The main contribution of this paper is the development of an integrated model for GSCND leveraging the opportunities offered by carbon markets. It is the first model to our knowledge that integrates carbon prices explicitly in GSCND. Using the model, supply chain managers are now able to assess the GHGs footprint of supply chains operations. They can determine if they qualify for carbon credits or must purchase credits on the carbon market place in order to abide by the regulations on air emissions. Green technology selection decisions and reverse logistics flows can be easily incorporated in the model. The quantification of the environmental impact was limited to CO 2 . Emissions of other GHGs such Methane (CH 4 ) and Nitrous oxide (N 2 O) can be integrated using known carbon conversion factors. Finally, it is clear that GSCM will require a coherent and well planned long term strategy. The growing carbon legislation will create competitive carbon trading markets in different regions of the world and companies must learn how to operate under these new rules and regulations. Green supply chains are not going to be a just a "feel good" or "marketing initiative" but will be driven by government regulations and customer demands. Assessing GHGs emissions may have seemed strange five years ago, but it is now a reality. This will significantly change how supply chains operate globally in an ever environmentally conscious world.
